We report on an experimental and theoretical study of the high-frequency mixing properties of ion-irradiated YBa2Cu3O7 Josephson junctions embedded in THz antennas. We investigated the influence of the local oscillator power and frequency on the device performances. The experimental data are compared with theoretical predictions of the general three-port model for mixers, in which the junction is described by the resistively shunted junction model. A good agreement is obtained for the conversion efficiency in different frequency ranges, spanning above and below the characteristic frequencies fc of the junctions.
. Their main drawbacks are the limited sensitivity and the need for a high LO power. Superconducting hot electron bolometers (HEB) made of Niobium or Niobium Nitride (NbN) are able to operate at low noise with very good frequency coverage but require cooling to 4K [5] [6] [7] . So far, the most sensitive frequency-mixing elements are the low temperature superconductor-insulator-superconductor (SIS ) Niobium tunnel junctions [8, 9] . However, these junctions are intrinsically limited in frequency by the gap energy of Nb (∼800 GHz ) and operate only at low temperature (4 K). More recently, NbN SIS junctions with higher gap energy have been developed to extend the frequency range.
An alternative to these devices consist in using (Fig.1a) , a three steps fabrication process is performed. The spiral antenna embedded in a 50Ω co-planar waweguide (CPW) transmission line is first defined in the gold layer through a ma-N e-beam resist patterning followed by a 500-eV Ar + Ion Beam Etching (IBE) (Fig.1b,c,d ). Then a 2-µm wide channel located at the center of the antenna is patterned in a ma-N e-beam resist, followed by a 70-keV oxygen ion irradiation at a dose of 2×10 15 at/cm 2 ( Fig.1e ). This process ensures that the regions of the film which are not protected either by the resist or by the gold layer become deeply insulating (Fig. 1f) . No HTS material is removed and the superconducting parts, including the antenna, the CPW line and the 2-µm wide channel, remain embedded in the insulating film preventing degradation.
Finally, the junction is defined at the center of the superconducting channel by irradiating through a 20-nm wide slit patterned in a PMMA resist with 100 keV oxygen ions (Fig.1g,h) . A fluence of 3×10 13 at/cm 2 is used to lower the T c in the region underneath the slit.
The parameters of the junctions such as the normal resistance R n , the critical current I c and the operating temperature can be engineered simply by modifying the width of the slit, the fluence of irradiation and the ion energy. 
II. Experimental set-up
The experimental set-up is shown in Fig. 2 Junctions have non-hysteretic current-voltage characteristics with an upward curvature in the dissipation branch at low voltage and no sharp feature at the gap voltage ( Fig. 3b ). In this low capacitance regime, the electrical behavior of the junction is expected to be well described by the resistively shunted junction (RSJ) model [24] , which considers a Josephson element in parallel with a resistance R n . The voltage across the junction is given by the expressions :
where I dc is the bias dc current and φ the superconducting phase difference across the junction. Here δI n is an additive Gaussian white noise of variance σ 2 =h Γ eIcRn∆t , where Γ = 2ek B T /hI c is the ratio of the thermal energy to the Josephson energy and ∆t is the time step chosen for the numerical integration of equations (1) and (2).
From the determination of I c and R n , we extract the characteristic frequency f c = (2e/h)I c R n of the mixer.
As seen in Fig. 3c , f c displays a dome as a function of the temperature with a maximum value f opt c of 85 GHz at 55 K. Note that f c is not a cut-off frequency and that mixing can be performed up to frequencies corresponding to several times the value of f c at the cost of a reduced conversion efficiency [22] . However, for optimal operation, it is desirable to have f c larger than the frequencies of the incoming signals f LO and f s as the resulting ac current would then interact mainly with the Josephson non-linear inductive element.
In the Josephson regime, the dissipation branch at large bias reveals that the resistance increases with voltage. The origin of this non-linear behavior of the resistance stems from the non-uniform distribution of defects in the barrier resulting from the irradiation process [25] . In Figure 4 we show that the non linear resistance, in particular at low bias, can be retrieved by suppressing the Josephson supercurrent with high-power microwave radiation (dashed lines). The behaviour of the I(V) is then well described by the RSJ equations (1) and (2) provided we enter the non-linear normal resistance R n (I dc ) in the model (Fig. 4) . three different frequencies, 20 GHz, 70 GHz and 140 GHz.
Shapiro steps at the quantized voltage V n = nh 2e f LO can be clearly observed [26] . To analyze these features, we added a LO current term into equation (1)
A good agreement with the experimental data is obtained as can be seen in Fig. 4(d)-(f) . The junction response to 20-GHz LO illumination has also been measured at different temperatures. Fig. 5 shows the differential resistance of the junction dV dI as a function of bias current and power radiation in the Josephson regime (Fig. 5(a) and (b) ) and below ( Fig. 5(c) and (d) ). For strong LO power, several 
IV. High frequency mixing
The junction is illuminated with a strong LO signal at frequency f LO and a much weaker test signal at frequency f s . These conditions guarantee that the IF signal is produced by a first order mixing mechanism between the signal and the LO. Figure 6 shows the output power measured at the intermediate frequency . For f LO =140GHz (Fig. 6(c) ), P IF has two maxima close to the Shapiro steps (see arrows), separated by a dip. This corresponds to the condition
. In the intermediate situation where
, P IF is approximately flat at the center of the steps (Fig. 6(b) ). Measurements performed at higher frequencies, f LO =280 and 410 GHz (Fig. 6(d) and 6(e)) indicate that the junction responds in the lower part of the THz range. However, in these cases the power of the LO source was not sufficient to reach optimal bias conditions. Mixing at frequencies higher than 410 GHz was not investigated in this study. and voltages V is linear in the frequency domain [29] :
Let us now consider the case when a signal of frequency 
where u, l, and 0 stand for USB, LSB, and IF respectively.
Z is the impedance matrix of the mixer which characterizes in particular its ability to down-convert at f IF the information at f USB ( or f LSB . Each of its elements Z ij is simply the ratio of the voltageṼ j at frequency f j to the currentĨ i injected at frequency f i . For a low-Q mixer, the symmetric properties of the 3-port matrix im-
and Z 0u = Z 0l . A general mixer theory provides the following expression for the matrix elements [28, 30, 31] 
To determine the conversion efficiency of the mixer, we introduce in Fig. 7 the external part of the circuit which is described by the diagonal impedance matrixZ ext whose elements Z u , Z l and Z 0 are connected to the mixer inputs. Here Z u and Z l represent the impedance of the spiral antenna (80 Ω) at USB and LSB frequencies respectively and are taken to be identical. Z 0 is the 50-Ω impedance of the IF microwave readout line. Assuming that the signal V s incoming on the antenna is at the USB frequency, the equation for the circuit shown in Fig. 7 is
We therefore obtain a relation between the currents at different frequencies and the input signal
whereỸ = (Z +Z ext ) −1 is the admittance matrix.
We define the conversion efficiency as the ratio of the
where Y 0 u is a non-diagonal matrix element of the admitance matrixỸ with the same convention as in (5) In the limit-well satisfied experimentally-where
|Z u | and |Z 0u | |Z 0 |, the conversion efficiency takes the simple form
The first two factors correspond to the matching impedance conditions at the USB and IF frequencies.
The conversion is optimal when the antenna impedance Z u matches the RF impedance of the junction Z uu and when the readout line impedance Z 0 matches the dc impedance of the junction. The last factor Z 2 0u represents the ability of the junction to down convert the USB signal to the intermediate frequency. Within this approximation, the performance of the device mainly depends on three elements of theZ matrix : (i) the RF impedance at the USB (or LSB) frequency Z uu (=Z * ll ), (ii) the dc impedance Z 00 , and (iii) the down-conversion impedance
To derive the impedance matrixZ, the RSJ equation (3), including the non-linear resistance R n (I dc ) is first The conversion efficiency takes a maximum value of 0.1% at 20GHz and decreases to 0.01% at 140GHz.
An improvement of the mixer performances requires optimizing the three factors of expression (14) . In particular, the impedance mismatch resulting from the low values of Z uu and Z 00 compared with Z u and Z 0 respectively, leads to a significant deterioration of η c .
In practice, the matrix elements are determined by two parameters, the normal resistance R n of the junction and its characteristic frequency f c (i.e. the I c R n product), through the RSJ equation. As R n is the only impedance entering this equation, all the matrix elements are directly proportional to it. This resistance needs to be increased significantly to improve the impedance matching. This can be done by decreasing both the width and the thickness of the junction and by increasing the ion irradiation fluence. Finally, impedance matching elements both between the antenna and the junction and between the readout line and the junction could also be added at a cost of reduced bandwidth.
The value of f c influences all the matrix elements, but affects mainly the down-conversion one Z 0u . Assuming for simplification that Z uu ∼ Z 00 ∼ R n , the amount of LO current necessary to reduce the critical current to zero is ∆I LO ≈ hfLO 2eRn [27] . We thus obtain the dependence of the Z 0u element with the ratio f c /f LO Z 0u = 1 2
From this expression, we see that it is desirable to fabricate junctions with high f c values, i.e. high I c R n product. The junction presented in this study has a characteristic frequency which is lower than the ones usually reported in grain-boundary junctions [10] [11] [12] [13] . However, several developments can be made to optimize the I c R n product [32, 33] in our junctions. In particular, a higher irradiation fluence combined with an annealing of the sample should lead to a significant improvement [34, 35] .
For f LO >> f c the signal and the LO ac current interact weakly with the inductive Josephson element. As a result, a large part of the IF power is generated by mixing on the non-linear resistance. As can be seen in Fig. 6(d) and (e), this produces a continuous background on top of which, Josephson mixing can still be distinguished.
VI. Influence of the LO power
In a practical heterodyne receiver application, the LO power necessary to optimally bias the mixer is a critical parameter and must satisfy two important requirements : (i) it has to be as low as possible to minimize the power consumption and to be easily driven by avail- GHz and 140 GHz. The conversion efficiency taken at 2e/h × V = f LO /2 is plotted as a function of P LO (Fig.   8(c) ). For f LO < f c , η is constant on more than one decade and decreases at strong LO power. P LO as low as 20 pW at f LO = 20 GHz and 100 pW at f LO = 70 GHz are sufficient to drive optimally the mixer whereas at 140 GHz, 10 nW of power are required. It is clear that the conversion efficiency does not depend critically on the LO power as long as f LO < f c ; otherwise, as can been seen at 140 GHz, η is optimal for a given LO power which corresponds approximately to a suppression by 50% of the critical current ( Fig. 8(d) ).
In conclusion, we have demonstrated the mixing oper- 
